Crystals of 1,3,5-tripyrrolebenzene (TPB) contain closely packed, perfectly cofacial stacks of benzene rings with large wavefunction overlap, making it an interesting candidate organic semiconductor. We study TPB using a variety of ab-initio and band-structure techniques, and find very large π overlap in the benzene stacks, broad bands (especially for electrons), and relatively small binding energies for polarons of both signs, making TPB a promising quasi-one dimensional electron-transport agent. We then explore the sources of the unusual packing in TPB, finding that calculations of intermolecular interactions using dispersion-corrected density functional theory provide valuable insights into why the crystals contain perfectly cofacial π-networks.
I. INTRODUCTION
The physics of charge transport in organics is complicated by narrow bands, the formation of tightly bound polarons, dynamic disorder [1] and other phenomena largely absent in conventional semiconductors. A common determinant of charge mobility in both hopping and band models of conduction is the degree to which the wavefunction of one molecule overlaps its neighbors, be they in a crystal, liquid crystal, or organic glass. Numerous attempts have been made to engineer compounds and supramolecular structures to maximize the transfer integral [2, 3] . One approach exploits electrostatic interactions to cofacially stack (i.e., with aromatic rings directly facing to each other) two types of complimentary molecules A and B, e.g., a hydrocarbon and the corresponding perfluorinated compound. Structurally, this has been successful in crystals [4, 5] . A similar approach was also used in a discotic liquid crystal system [6, 7] . However, this scheme has a fundamental electronic limitation. In a hopping picture, and assuming that A has a lower LUMO energy than B, an electron will have to thermally surmount a barrier when hopping from the LUMO of A to that of B. Ideally, then, we desire single constituent cofacial organic semiconductors. We have recently undertaken a comprehensive search of the Cambridge Crystallographic Database (CCDC) [8] to identify known organic crystals with structures containing exactly overlapping benzene rings. [9] .
Surprisingly, very few (¡10) examples were found. We report here on an highly unusual compound, 1,3,5-tripyrrolebenzene (TPB), uncovered in the course of this search. With the exception of a crystallographic work [10] , TPB appears to be unknown to the chemistry and physics communities.
II. TECHNIQUES
Band structure calculations were carried out with the density functional theory(DFT)
Gaussian basis set code Crystal03 [11] using the 6-21g* basis set, B3LYP hybrid functional, and a 10x10x10 Monkhurst integration net. Ab-initio calculations on dimers were performed using the Gaussian 03 and 09 program suites [12] . Dimer calculations of the transfer integral used MP2 theory and the 6-311g** basis set. The intra-stack dimer geometry was taken directly from the CCDC database without further optimization. DFT interaction energies calculated using basis set superposition error techniques used the 6-311++g** basis set with the dispersion-corrected wb97xd functional [13] . The accuracy of these results was checked using a smaller set of MP2 computations. Reorganization energies for cations were computed using DFT with the B3LYP functional and 6-31g** basis set. For anions, we used the 6-31++g** basis set since diffuse basis functions are essential for calculations on negatively charged molecules.
III. RESULTS
TPB crystallizes in the trigonal space group R3c (#167) with lattice parameters a = b = 19.42Å, γ = 120
• (hexagonal system) or a = b = c = 11.431Å and α = β = γ =
116.305
• (rhombohedral system) [10] . From hereon, crystallographic data will refer to the non-primitive hexagonal system. We have verified this structure using single-crystal x-ray diffraction on an independently prepared sample [14] . We note here that this substance is relatively simple to synthesize, is stable under normal laboratory conditions, and does not appreciably decompose at its melting point [15] . The crystal packing, shown in figure 1, has two notable features. Firstly, the molecules stack in columns along theĉ direction, with adjacent molecules rotated by 60
• and the pyrrole groups rotated out of the benzene ring plane in a "propeller-like" fashion. Molecules in adjacent stacks are offset alongĉ by 1/6 of a lattice vector. The benzene rings in each stack, however, are exactly cofacial, i.e., the ring centroids exactly lie over each other and the ring planes are precisely parallel. This is in strong contrast to the vast majority of organic crystals, where aromatic rings are either offset and/or tilted with respect to one another, often in "herringbone" or slipstacked arrangements [16] . Since deviations from perfectly cofacial structures can have major consequences for transport [1] , the exact alignment found in TPB is potentially crucial.
A second feature of the crystal is that the benzene-benzene intermolecular distance is 3.338Å: this is very short [9] for extended exactly cofacial structures in crystals (indeed, it is the shortest separation that we found for exactly cofacial, aligned benzene rings in our search of the CCDC). On the other hand, the stacks are oriented edge-on to each other and are relatively widely spaced in the ab-plane (closest C-C distance = 4.224Å), without obvious opportunities for π-wavefunction overlap amongst pyrroles. This observation is validated by the band structure calculations, below.
Further discussion is organized as follows. First, we use dimer quantum chemical and transport.
These conclusions are born out by band structure calculations. Figure 3 shows the total density of states for TPB along with the components of the DOS ascribable either to the atoms of the benzene ring (including the hydrogens) or to the pyrrole groups. The valence states (which support hole transport) are complicated, with individual bands being quite narrow (though the overall bandwidth due to overlap is fairly broad -see below). The DOS is clearly dominated by the states originating from the pyrrole rings, consistent with the dimer calculations. The conduction band states are more interesting. Considering theĉ data in Fig. 4 , the individual lowest energy bands are seen to be quite broad (about 460 meV).
Furthermore, the partial DOS in Fig. 3 shows that the electron transport states nearest the band edge are almost entirely due to the benzene rings. As emphasized in, e.g., Ref. [17] , it is precisely these states (within several k B T of the band edge) that are most important for transport. important parameter, we have performed a time-dependent DFT (TDDFT) calculation on TPB. TDDFT is known to be an excellent technique for computing HOMO-LUMO gaps in organics [20] . The first excitation energy was found to be 4.3 eV, again in good agreement.
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The conduction band effective mass,
computed via numerical differentiation of the DFT bandstructure, is 1.84 m e at the Γ-point. This is relatively low: the corresponding value for naphthalene along the b-axis, computed in the same fashion, is about 3.5 m e -again, a favorable factor for electron transport. Also, as expected from the highly anisotropic crystal structure, TPB is a quasi-one dimensional electron-transport material: the conduction band for k-vectors in the ab-plane (e.g., see Fig.   4 , Brillouin zone points M to Γ) is much narrower than alongĉ .
When studying the electronic properties of TPB, it is tempting to ignore the pyrrole groups entirely and consider TPB to electronically be analogous to close-packed exactly 7 cofacial stacks of benzene rings widely spaced from each other. To explore this model, we computed the band structure of a TPB "crystal" with the pyrrole groups replaced by hydrogen, i.e., of a TPB crystal with TPB molecules replaced by benzene molecules. As expected, the ab-plane bands have essentially zero width. However, the c-axis bands, shown in Fig. 4 , are substantially broader than those of TPB and have a slightly larger bandgap.
One reason for the band narrowing is the delocalization of the LUMO wavefunctions over the pyrrole rings in TPB, resulting in less weight on the benzene ring and a decreased transfer integral. We might expect this based on the dimer calculations (above) -the LUMO wavefunction, dominantly present near the benzene rings, does have a non-zero presence on the pyrroles. It is therefore evident that the pyrrole groups play a significant role in both electron and hole transport. They also are extremely important structurally, as we will see.
Based solely on the band structure, TPB therefore is a favorable candidate for quasi-one dimensional, high mobility electron transport. This conclusion is premature, however, since the mobility may be exponentially suppressed by the polaron binding energy, E b . In the case of small polarons, E b may be approximated by the reorganization energy, E b = λ reorg /2.
Here, E (0) (M) and E (0) (M ± ) are the ground-state energies of the geometrically-optimized neutral TPB molecule and the its anion or cation, respectively. E (1) (M) and E (1) (M ± ) are similar, except that the energy of the neutral molecule is computed using the ion geometry and vice-versa. On carrying out these calculations, we find for the cation (pertinent to hole transport), E + b =65 meV. This may be compared to naphthalene, for which we compute a value of 93 meV using the same model chemistry and basis set (in close agreement with the calculation of ref. [1] . Therefore, dressed holes may be expected to be less strongly bound in TPB than in naphthalene, making it a competent hole semiconductor. Of greater interest is the tendency of electrons to form polarons in the very broad conduction band of TPB. Threefold symmetric systems like TPB (e.g., systems with degenerate frontier orbitals) are prone to Jahn-Teller distortions when negatively ionized [1] , resulting in large electron/phonon couplings and therefore large polaron binding energies. Our calculations give an anionic E − b =144 meV. While higher than the hole binding energy, this still compares favorably with 8 conventional materials like the acenes [1] . Therefore, there appears to be every reason to expect that TPB is a promising electron transport agent.
We now address the second question: why does TPB stack in this unusual, exactly cofacial, close-packed fashion? As noted above, very few compounds indeed crystallize with benzene rings exactly over each other. It is, of course, very difficult to a priori predict crystal structures from molecular structures. We have, however, gained insights from a postori calculations of intermolecular interaction energies using dispersion-corrected DFT.
In particular. an incisive clue to the source of the exactly cofacial packing found in TPB comes from studies of the energetic cost of translating a molecule parallel to the molecular plane within a stack (see the inset to figure 5 ). (Here we ignore neighboring stacks to isolate the intra-stack contribution.) Figure 5 contrasts the behavior of an intra-stack TPB dimer 2,4,6-tris((4-fluorophenylimino)methyl) benzene (XENMEJ, with a boron-containing triphenylenelike core) do stack exactly cofacially. Indeed, as discussed in ref. [9] , a large fraction of all materials with cofacial benzene rings in the CCDC are three-fold symmetric. We therefore anticipate that an in-depth study of the intermolecular forces between three-fold symmetric compounds with a central phenyl moeity will lead to insights into the enngineering of highly cofacial π-networks.
IV. CONCLUSION
We have shown that the electronic properties of TPB crystals are profoundly influenced by close, perfectly coplanar columns of benzene rings, particularly for the case of electron transport. The conduction bandwidth is very large (compared to our model acene naphthalene) and the effective mass small. Polaron binding energies of both signs of charge are also favorable for transport. Therefore TPB may well be an excellent candidate for a high mobility, quasi-1d electron semiconductor. Calculations of the energetics cost of molecular displacements indicate that the pyrrole groups are essential to stabilizing the unusual pack-ing. These calculations need to be extended to other perfectly cofacial three-fold systems (since the other known systems are significantly larger, this will be computationally expensive). The electronic properties of other 3-fold compounds that exhibit cofacial stacking also need to be investigated both theoretically. Most importantly, experimental measurements of mobility would be fascinating.
